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Nonlinear optical diagnosis of oxide traps formed
during reactive ion etching

J. Fang, W. W. Heidbrink,? and G. P. Li
University of California, Irvine, California 92697

(Received 22 February 2000; accepted for publication 7 June)2000

Oxide traps generated by reactive ion etching are studied using a pulsed femtosecond laser. The
second harmonic generati¢8HG) signal from the Si/Si@interface is sensitive to charged traps in

the oxide. The time evolution of the SHG signal indicates that positive traps predominate. The
angular dependence of the polarized signal shows that the electric field generated by the oxide traps
alters the symmetry of the sample. The damage is greatest for an oxide thickness of(fb8 am
plasma dc bias of 300 )V Thicker oxides have smaller SHG signals, presumably because the
Fowler—Nordheim tunneling currents induced by plasma charging of the oxide surface are smaller.
Very thin oxides also exhibit reduced damage. The time dependent SHG signals depend on the
temperature of the samples; these data provide information on the trapping and detrapping of
substrate electrons by oxide holes. ZD00 American Institute of Physics.

[S0021-897€00)02918-2

I. INTRODUCTION circumstances, the positive holes accumulate near the
Si/SiO, interface’
Traditional techniques for the study of gate oxide dam-
ge can be categorized as source measurements or result

= Yidieh 8neasurements. Source measurements diagnose the charge
diation cause damage to the exposed oxidéyile surface  p ijqup or the plasma uniformity to indicate potential hard-

charging produces indirect damag@he surface charging \yare problems. Measuring the threshold voltage shifts of

occurs when the electron and ion currents that flow from thg o g capacitor on-channel MOS transistors is the conven-
plasma source to the wafer do not balance locally. As the, way to determine the charge build¥iowever, to
charge builds up on the wafer surface, the voltage across tstermine the distribution of peak surface potential across
dielectric layer(gate oxidg increases until the oxide layer he wafer requires fabrication of such devices throughout the
starts to conduct via a Fowler—Nordhei{fN) tunneling cur-  ontire wafer. Langmuir probes can measure the plasma

rent. Both direct and indirect damage create trapped chargeRyientiaf but the technique is difficult to implement on most
inside the oxide bulk and at the Si/Sitnterface. Trapped commercial etching equipment. Measurements of the results

charges affect the dielectric properties of the device angyt oyide damage are even more problematic. Measurements
therefore adversely impact the yield and reliability of metal-of the threshold voltages require fabrication of an antenna
oxide-semiconductoMOS) transistors in very large scale g cture or large area capacitor over the gate electrode. Un-
integration production. New diagnostics of charge trappingqnately, a large polysilicon antenna is perturbative: the
can enhance our understanding of degradation at the Si/SiQuctyre blocks ultraviolet radiation and inhibits anneafing.
interface and in the oxide bulk, provide improved processhamage measurements in fully covered MOS capacitors may
control, and aid the development of the next generation Ofg inaccurafk In this article, we show that a nonlinear op-
plasma reactors. , _ _ tical probe, the second harmonic generati®HG) signal

The role of FN stress in oxide damage is well fom the SiQ/S] interface, provides a nonperturbative diag-
established, but many details remain unresolved. Spatial ,gstic of charge trapping caused by plasma etching. The
variations in surface charging correlate with the_ location Oftechnique is sensitive to both radiation-induced damage and
damage Although the plasma parameters oscillate at the, damage caused by FN tunneling. Our results suggest that

radio frequency of the plasma source, it is the average iMpoih EN currents and UV exposure play important roles in
balance between the ion and electron currents that is respogsiqe damage during reactive ion etchitRIE).

sible for surface chargingOnce the surface charges, the dc e article is organized as follows. Section Il describes

sheath current throughu“;‘?e plasma and the FN currenfys giagnostic technique and measurements that demonstrate
through the c_)X'de are eq ..The d_amage dgpends on oXide 5t SHG is sensitive to oxide damage. Measurements of the
thickness, with a 12-nm-thick oxide suffering greater dam-y|3sma.induced damage as a function of oxide thickness are

age than thicker or thinner oxidédn oxides that are too \})resented and interpreted in Sec. Ill. Section IV discusses the
thick to support appreciable FN currents, exposure to U\

. o ; U g ime dependence of the SHG signals; these measurements
light creates positive trapping sites in the oxidénder these  jgicate that the oxide holes are predominately positively

charged. The charge state of the trapping sites depends on
dElectronic mail: wwheidbr@uci.edu the oxide temperaturéSec. \J. The implications of these

When exposed directly to a plasma, a wafer with a thin
oxide is subject to two major kinds of damage. Bombard-,,
ment by electrons, ions, atoms, radicals, and ultraviolet r
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FIG. 2. Comparison of the SHG signals from RIE and BOE processed
FIG. 1. Schematic diagram of the apparatus used to study the device undgamples. When the laser scans across the chemically etched region the SHG
test. signal is unchanged, but the signal is significantly enhanced in the sample
that was processed by the plasma.

results are discussed in Sec. VI and the conclusions appear in
Sec. VII. cessing creates additional trapped charge in the sample,
thereby altering the electric field at the interface.

More detailed information about the origin of these
changes is given by the angular dependence of the SHG sig-
nal. It is well established both theoreticdfly and

When illuminated by an intense laser beam of frequencyexperimentally® that the SHG signal from a cubic silicon
w, a nonlinear dielectric medium can radiate light of fre- crystal has both an isotropic and anisotropic component. In a
quency 2o, a process known as SHG. In a centrosymmetrigpure S{100) crystal with a uniform oxide layer, the expected
medium such as silicon, SHG occurs primarily at the inter-second-harmonic electric fiéftl is proportional to App
face where the symmetry is brok8nA static electric field + CppCOS(4p), wherea,,, andcy, are constants ang is the
across the interface also alters the symmetry and thereforngle between the crystal face and the direction of SHG
modifies the in;]znsity of the SHG signal. Both externally propagation. The expected SHG intensity is therefore
imposed dc fields and fields produced by trapped charges
affFe)ct the SHG signal. i Y & er[apyt CPF’COS{A'QS)]Z' @

A schematic of the experiment is shown in Fig. 1. TheFigure 3a) shows the SHG signal as a function of azimuthal
fundamental light source is a Ti:sapphire laser pumped by angle ¢ for a 70 nm, thermally grown oxide on thH&00)
pointing-stabilized mode-locked Nd:yttrium—aluminum- silicon surface(prior to any plasma processingrhe signal
garnet laset® The laser produces 50 fs pulses at a wave<learly shows the expected four-fold, cogj4 contribution.
length of 800 nm, a repetition rate of 78 MHz, and an aver-The theoretical predictiofEq. (1)] provides an excellent fit
age power of 200 mW. The-polarized laser beam is to the data. Next, this same sample is etched by the plasma
focused at a 45° incident angle onto a6 diameter spot on
the processed Si/SiO sample. The reflected, filtered,
p-polarized second harmonic light is collected by a photo- '3
multiplier and lock-in amplifier gatedyba 1 kHz chopper. 10
The sample rests in air on a computer controlled rotational  sf
stage that records interface SHG intensities as a function 035
azimuthal angle and translational position of the sample. &

Samples are cut from gtype (100 silicon wafer with a E ' "
thermally grown oxide of 70 nm. Using a Plasma-Therm 7902 '°§
series parallel plate RIE etcher, which is a typical commer-f sE
cial nonmagnetic plasma system, a series of oxide fims ar& o
etched to different thicknesses with a CHB, mixture at a e '5C
chamber pressure of 40 mTorr. The dc bias voltage rangefw 105
from 300 to 400 V. 5

Plasma processing has a stronger effect on the SHG sig  5F

0

Il. EXPERIMENTAL TECHNIQUE AND BASIC
MEASUREMENTS

(a) Unprocessed

nal than wet chemical etching, as illustrated in Fig. 2. In this o
comparison, an unmasked portion of the sample was etche
either by RIE or by buffered oxide etc{BOE), then the

SHG signal was measured as a function of position on th€IG. 3. The dependence of the SHG signal on rotational angléafdher-
sample. In the case of plasma processing, the SHG signal fgally grown oxide on silicon(b) the same ox_ide after plasma processing
2.6 times larger when the laser probes the tin porton of the"((€ e S3me sampe aflr EOF wet el renove of e K et
sample while, for wet chemical etching, the SHG signal ismogdel of Eq.(1). (a) ap,=2.84; Cpp=0.20. (b) ap,=3.55; C,p=0.05. ()
unchanged by the etching process. Evidently, plasma pras,,=2.75; c,,=0.22.

100 200 300
AZIMUTHAL ANGLE (deg)
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down to an oxide thickness of 12.7 nm and the measuremen  12[ ' ' < 300V
is repeated. Now the isotropic component of the signal is i X o 350V
50% larger and the cos¢¥ anisotropic component is almost —~ 10[ O 400V 7]
completely eliminatedFig. 3(b)]. Finally, the remaining ox- 3 i 2
ide is removed by wet chemical etching and the measure-E 8r
ment is repeated once agdifig. 3(c)]. With the oxide re- o &
moved, the four-fold symmetry is recovered and theZ 6
coefficientsa,, andc, are similar to the initial values for the E i
unprocessed oxide, but the deviations from the theoretica= 4
model are larger. (:,? -
The data in Fig. ®) are unusual. In previous nonlinear @ 2[
studies of electroreflectance in silicon and métatke dc
bias field changes both the magnitude and the phase angle ¢~ OL L L L
the ratio between isotropic and anisotropic contributions, but 0 10 20 30 40
the four-fold anisotropy pattern remains. Since the four-fold OXIDE THICKNESS (nm)

pattern returns when the oxide is removed, we know that thEIG. 4. Normalized SHG intensity as a function of oxide thickness for
altered symmetry is caused by changes in the ofid¢ the  samples processed at three different values of plasma dc bias. The solid
silicon). We postulate that trapped charge sites have a norsurve is the theoretically predicted variation gfT,, for I¢o/1;=20, T,
uniform distribution in the oxide so that the isotropic second-=6-8 V. V,=25V, andB=250 V/inm.

harmonic polarization changes inhomogeneoukierally);
the electric fields from these randomly distributed charge
add incoherently, increasing the isotropic SHG signal bu
canceling the constructive interference between the isotropi
and anisotropic contributions that generates the four-fol
symmetry.

Jctual value of the potential difference across the sheath,
p— Vox, and can be taken as a constant. Hegis the

verage plasma potential am, is the average voltage at
he front surface of the oxidéoth measured relative to the
silicon wafe)y. The sheath potential opposes electron flow,
however, so electrons only flow from the plasma to the oxide
when their kinetic energy exceeds the potential energy
“hill.” The net current to the plasma,, is therefore given by

An urgent concern in the design of future silicon devicesthe Langmuir-probé—V characteristics
is the viability of extremely thin oxide layers. In this section,
we measure plasma-induced oxide damage as a function of Ip=leo eXH —e(Vp= Vo) kTe] = 1;. 2
oxide depth and interpret the results with a simple model. Here I, is the magnitude of electron current ¥, —V,

We prepare Si/Si®Q samples under three different =0 andT, is the electron temperature of the plasma. Con-
plasma conditions. In each case, a 70 nm oxide is etched tsider first a thick oxide. According to Ed2), the sheath
a CHR; /0, mixture down to a variety of remaining thick- voltage V,—V,, adjusts until the plasma electron current
nesses. The plasma dc bias voltage is either 300, 350, or 4@@lances the plasma ion current dne-0. Because the ox-
V. Each sample is then scanned by the laser. The interfadee is thick, current neutrality is obtained without a large
SHG signal intensitied,/ly, are plotted as a function of the
thickness of the remaining oxide layer in Fig. 4. Héris, the
SHG signal from the etched sample dds the SHG signal
from an unetched control sample. A significant enhancemen
of SHG signal from the original fresh oxide signal level is
observed at a threshold etched oxide thickness of about 3__ ;o
nm. The SHG signal steadily increases as the oxide thicknesE 3
is further reduced until a maximum is observed in the rangeE i THEORY \
of 13—18 nm. The maximum signal occurs at larger values ofid 16}
oxide thickness for higher values of plasma dc bias voltage§ [
(Fig. 5. For thinner oxides, the SHG signal steadily de—%
creases. Finally, when the oxide layer on the silicon substrate:_l‘_,
is nearly removed the SHG intensity is comparable to the2 [
SHG intensity of the control. S 12f

To understand the SHG intensity dependence on the ox i
ide thickness, we adopt the model of Skihal® In steady .
state, net charge does not accumulate so the average curre 200 300 400 500
flow is divergence free. Consider the surface of the oxide. At DC BIAS (V)
this location, there are three contributions to the current: the ) ) ) ) )
on current across the plasma sheththe electron current 1%, % Tiekvessof X ot maxinum SHO sgne veras pasa e i
across the plasma sheath, and the current that flows maximum ofl,Tox as a function of the plasma potentM). (1eo/1;=20;
through the oxidéry. The ion current; is insensitive to the T,=6.8 V; B=250 V/nm)

IIl. DEPENDENCE OF THE OXIDE TRAP DENSITY
ON OXIDE THICKNESS

PLASMA POTENTIAL (V)
24 ' . __ 26 . _ 28 . _ 30

14|
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electric field appearing across the oxide; in other words, the 1.0[ ' ' ]
FN turn-on voltage is too high in a thick oxide for appre- ! AU
ciable current to flow. Since no current flows through the 7 g gk "~ o 11nm, 400V
oxide, no current-induced damage occuiBirect damage ; i
caused by radiation is still operative, howeyéihis explains
why the SHG signal approaches that of the contidl
—1) for oxide thicknesses larger than 30 nm. In contrast, inZ
a thinner oxide, the oxide electric field is larger and a FN = g 4}
tunneling current begins to flow through the oxide before theZ [
sheath potential is small enough to allow a neutralizing elec-(:g
tron current from the plasma. The FN tunneling current is®
given by

0.0l \ .
lp=A(Vox/ Tow)? exp—BTox/Voy), 3

whereT, is the oxide thickness ardl andB are constants. TIME (s)

In steady state, the net plasma curiigfy. (2)] equals the FN  FiG. 6. Time dependent SHG signal from three RIE etched samples. The
tunneling curren{Eq. (3)]. The simultaneous solution of dashed lines are the exponential decays predicted by the constant probability
Egs. (2) and (3) predicts that the FN tunneling current in- model for values of 3/ of 3.9, 11, and 19 s, respectively.

creases rapidly as the oxide thicknd@sggis decreased. Since

oxide damage is caused by microscopic processegjehe

sity of trapping sites is expected to depend on the curreninjected electrons have altered the sample. In this section, the
densityJ. The larger FN current creates more trapping sitesime evolution of the SHG signal under conditions of con-
in the oxide, resulting in a larger SHG signal. stant laser illumination are examined.

In this model, the FN tunneling current continues to in-  The SHG signal from samples that have been etched by
crease as the oxide thickness is further reduced. On the otharplasma decreases in time, as shown in Fig. 6. Under con-
hand, the expected SHG signal does not continue to increasstant illumination, the SHG signal steadily approaches the
As discussed in Sec. Il, trapped charge throughout the oxidsignal level of the unetched control samples on a 10 s times-
contributes to the electric field at the interface and affects theale. More extensively damaged sampleses with larger
SHG signal. Thus, the SHG signal is expected to depenthitial SHG signal$ return to the baseline level more slowly
upon the totahumberof trapped charges in the oxide. In the than less damaged samples.
limit of vanishingoxide, the FN tunneling current remains The SHG signals in Fig. 6 decay approximately expo-
finite®, so the number of trapped charges decreases in amentially. The measured curveare conveniently parameter-
ultrathin oxide. As the oxide thickness shrinks to zero, theized by | —I,=Al exp(—t), wherel, is the control SHG
SHG signal is due exclusively to the silicon interface, so thesignal, Al is a constant, and is the decay rate. The mea-
intensity should equal the intensity of an undamaged controkured decay rates for dc biases of 300—400 V and oxide
In mathematical language, we expéet |, asTy—0. thicknesses of 9-31 nm are summarized in Fig. 7. The signal

As shown in Fig. 4, this model explains the thicknessdecays in a few seconds for barely damaged samplég (
dependence of the SHG signal. The agreement with the-2) but takes minutes to return to the control level for se-
model is only qualitative, not quantitative, for two reasons.verely damaged samples$/[(,=10). For the same level of
First, the actual values of the parameters in Egsand(3) initial damage, thinner samples decay more rapidly than
are uncertain and the shape of the curve is quite sensitive to
the assumed values of these parametalthough we have
used plausible valugsSecond, the SHG signal is assumed 0.30 : ' ' , ,
proportional tol , T, Which is an oversimplified description o 9-10nm
of trapped-charge creation and of the resulting SHG A 1114 |
intensity® Nevertheless, the general features of the data are - © 1525  _
satisfactorily reproduced by the model. r x 2731

With the plausible assumption that the plasma potential
becomes larger when the dc bias voltage incresésis
model also successfully predicts that the maximum SHG sig-
nal should shift to larger thicknesses at large bias voltage, as
experimentally observe(Fig. 5).

0.6

ENSITY (a

0.2

")

DECAY RATE (s
o
&
T
1

IV. TIME DEPENDENCE OF THE SHG SIGNAL 0 L L ! ! L
0 2 4 6 8 10 12

In addition to probing the electric field at the interface, SHG INTENSITY Ilg
laser illumination can inject electrons into the oxide, therebyFIG_ 7. Dependence of the decay rateon the initial, normalized SHG

altering the state 'Of. t_he trapping sites. The data in.the PreVintensity for RIE processed samples of various oxide thicknesses between 9
ous sections are initial SHG measurements, acquired befoead 31 nm.
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FIG. 8. Schematic diagram of the neutralization of positive traps by laser- 0.0 200.0 400.0
injected electrons. Time(s)

FIG. 9. SHG signal vs time during constant laser illumination for a sample
. ) ) . that is heated from room temperature to 110 °C.
thicker samples. As discussed in Sec. lll, the dc bias affects

the signal level but, apart from its effect b, the dc bias

has little effect on the decay rate. V. TEMPERATURE DEPENDENCE OF THE TIME
The data in Figs. 6 and 7 demonstrate that the trappin@EPENDENT SHG SIGNAL

sites produced by the plasma are positive oxide traps. When

the silicon wafer is illuminated with laser pulses at a high

peak power of 10 GW/ci?, substrate electrons are pumped

When a RIE etched sample is exposed to constant laser
illumination, the SHG signal gradually decreases, as dis-
cussed in the previous section. When an illuminated sample
Jis subsequently heated from room temperature to 110 °C,
: . - fe-emission of captured electrons from the hole traps is ob-
the oxide, thereby reducing the local electric field and Causz . ed (Fig. 9. After the sample temperature reaches

ing a reduction in SH.G signal. It is importgnt to note thatli[,o °C, the SHG intensity increases slowly and returns to
samples that are subjected to FN stress in the absence ffle initial signal level(prior to either laser illumination or

plasma_behave n thepposnemar_mer: the SHG signah- heating. It takes more than 100 s for the SHG intensity to
creasesin fime as the neutral oxide traps gradually Chargerecover suggesting that the release of electrons from the
negatively?. The decaying SHG signals in Fig. 6 show that '

. . ) ositive trap sites takes much longer than their initial capture
laser-injected electrons alter positive traps more rapidly tha

tral t i ol q | y laser-induced electron injection.
heutral traps In plasma-processed samples. . The temperature dependence of this reemission process
A simple model predicts exponential decay of the sig-

- . . is shown in Fig. 10a). At 50 °C, only partial recovery of the
nals. Presumably, electrons are injected into the oxide at a 9.1 yp y

constant rate by the laser. For simplicity, assume that the
SHG signal is linearly proportional to the number of positive 5 100¢

traps in the oxideN, . If the probability of neutralization is < sof (@) HEATING _
proportional to the number of tragas would be expected if E 60 & E
few injected electrons recombinghen the expected behav- E 405_ 3
ior of the SHG signal is 8 g ]
m 2°F E
didN, N . @ ot
x— P
dt  dt e @ 3100}
& b (b) COOLING E
which implies exponential decay of the SHG signaél, E 6ok 3
«exp(—t). This “constant probability” model provides a g 405_ 3
fair description of the time evolution of the SHG sigriglg. 8 C ]
6). The smaller value of for thicker oxides(Fig. 7) prob- 0 28;’ E
ably indicates that injected electrons are less likely to neu- 20 20 60 20 100 120

tralize distant positive traps in a thick oxide. Closer inspec- TEMPERATURE (oC)
tion of the fits in Fig. 6 shows that early data points fall
below the fitted curve while later ones lie above it; in otherFIG. 10. Change in steady-state SHG signal vs sample temperatu@ for

words, the initial decay proceeds more rapidly than the latefamples heated from room temperature &byl samples cooled from

. P . 30 °C. The recovery is defined ak1.,)/(l,—1.), wherel is the SHG
decay. This may indicate that some traps have a higher prOt}ntensity at the elevated temperatutg,is the initial SHG signal at room

a_bi"ty of neUtralizat_ion than others, perhaps due to varyinGemperature, antl, is the room temperature SHG signal after laser illumi-
distances from the interface. nation.
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initial SHG signal is observed. For temperatures of 70 °C CB CB
and above, essentially complete recovery occurs. As ex:
pected, the SHG signal never exceeds the initial level be-
cause the thermal energy ionizes existing positive traps bu

I
Hole trap level

cannot create any new traps. Si0, Hole trap level
If the heated sample is subsequently cooled, the SHC )
signal decreases again, but hysteresis is observed. Figut §i0,

10(b) shows the dependence of the SHG intensity on the
sample temperature when the sample temperature decreas
from 130 °C to a lower temperature. As the sample tempera-
ture decrease&luring constant laser illuminationthe SHG

signal decreases, indicating reneutralization of some of thea) FN stress under UV radiation
positive traps. However, at a given temperature, the SH IG. 11. Energy gap level diagram for hole traps createdapyombined

Signal is |a|.'ger _during COOlin@Fig- 1(Ib?] _tha.n the signal  gN stress and UV radiation ar{®) dark FN stress. The higher energy trap
during heatindFig. 10(@)]. This hysteresis indicates that the is more likely to be positively charged and is more sensitive to heating.

electron trapping probability by RIE-induced trap states de-
pends on the sample’s temperature history.

VB VB

(b)FN stress in dark condition

between 20 and 40 nm, so ion implantation is not the domi-
VI. MECHANISM OF RIE-INDUCED DAMAGE nant cause of damage. :
A simple, spatially uniform, model of FN tunneling ad-
In this section, we use the results of Secs. II-V to inferequately explains the dependence of SHG signal on oxide
the nature of the RIE-induced damage. thickness(Sec. Ill). Extensions of this model that include
The data in Secs. 11-V are very different than the resultsspatial uniformities, such as the model discussed by
of earlier SHG experiments with unetched sampfesn McVittie,? could also explain the observed experimental
these earlier studies, the initial SHG signal was independeritends.
of oxide thickness; RIE-processed samples exhibit a strong The trapping sites are distributed throughout the oxide.
dependence on thicknes¢Big. 4). For an unetched sample, Recall that all of our samples are initially thidrior to
the time-dependent SHG signal increases during laser illumietching. If the majority of created traps accumulated near
nation; the SHG signal decays for RIE-processed samplethe interface, they would not be removed by subsequent
(Fig. 6). For unetched samples, the thinnest samples exhibitching; hence, one would expect the largest SHG signal in
the greatest change in time-dependent signal; for RIEthe thinnestsamples. Since, in facty 13 nm samples have
processed samples the change is greatest for intermediateuch larger SHG signals than ultrathin samples, we con-
thicknessesFig. 7). In Ref. 18, it is suggested that a surface clude that most charge traps are removed when a sample is
effect involving the ambient oxygen is responsible for theetched from 13 to 2 nm. Further evidence that the traps are
observed behavior in unetched samples. The different behadistributed throughout the oxide is found in Fig. 7. Electrons
ior in our experiments suggests that bulk trapping effects aréhat are injected across the interface by the laser neutralize
of greater importance in RIE-processed samples. charge traps more quickly in thin samples than in thick
Our samples are subject to radiation-induced damageamples; if the trapping sites were concentrated near the in-
and current-induced damage. In Sec. Ill, we showed that terface, the decay rate would be independent of sample thick-
simple model of FN tunneling currents explains the observeaess.
dependence of SHG signal on oxide depth. In contrast, itis The data in Fig. 4 corroborate earlier studteg that
difficult to attribute the depth dependence to radiation damshow ultrathin oxides can be processed without suffering ex-
age. Consider first UV radiation. UV radiation of an oxide tensive damage.
film can cause positive charge trappihghich is consistent Although FN tunneling currents can explain the ob-
with the time evolution of the signdBec. V). On the other served depth dependence of the SHG sigRal. 4), it is not
hand, the most intense emission lin@44.9 and 130.5 nm obvious why the traps are positively charged. The traps are
for CHF; and Q) are absorbed near the surface of the oxidenegatively charges in RIE-processed samples that are cov-
film. Thus, one expects a weak dependence of SHG signal cered by an antenrfa.Similarly, samples subjected to direct
oxide depth for direct UV-induced damage. FN tunneling currents the darkdevelop primarily negative
Another possible mechanism of positive trap formationand neutral trap& Also, heating these samples 0100 °C
is ion implantation by the plasma. Implanted ions could eashas little effect on the average charge state, while heating
ily form positive traps. The maximum range of hydrogen plasma-damaged samples to 100 °C has a dramatic effect
ions for our conditions is 10—20 nm, with most ions depos-(Sec. ). Evidently, the combination of FN stress and irra-
ited closer to the surfac&? For this damage mechanism, diation that occurs during RIE generates different trap sites
one therefore expects an initial rise in SHG signal when thehan FN stress alone.
oxide is etched from 70 nm down te 50 nm (as the im- One possibility is that UV-induced electron-hole pairs
planted ions accumulatethen a relatively constant SHG sig- participate in the FN tunneling and create a positive oxygen
nal until the oxide is 10—20 nm thick. In reality, however, vacancy with a relatively shallow energy weékig. 11). In
strong variation in SHG signal is observed for thicknesseshe case of dark FN stress, accelerated electrons and holes
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break the Si—O bond creating oxygen vacancies; these O Neutralization of the positive traps by the laser can be
vacancies capture holes and distort the lattice struéfure.reversed by heating the sample to 70 °C. The thermal history
Then this structure captures an electron and forms a neutraf the sample affects the number of positive traps.
trap. During laser irradiation, some of these neutral trap sites
capture laser-injected electrons and become negatively
charged. These neutral traps are at an energy level far from
the conduction band of Si0and remain stable during heat-
ing. In contrast, when unpatterned oxide wafers are exposedL. M. Ephrath, Solid State Technd5, 87 (1982.
directly to plasma during RIE processing, the FN tunneling zJ- P. McVittie, Tech. Dig. Int. Electron Devices Meet. 4@997.
current through the oxide consists of both UV-generated %Cl'i?sa('i‘égéL Shohet, K. Nauka, and J. B. Friedman, Appl. Phys. Lett.
electron-hole pairs and conductors from the substrate. Thec 1 gapriel and J. P. Mcvittie, Solid State Techr@s, 81 (1992.
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